Host-plant specialization plays a key role in insect evolution, but little is known about its molecular basis. A new paper shows that a cactus-feeding fly became restricted to its host by changes in an enzyme that converts dietary sterols into essential hormones.
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Coevolution of flowering plants and insect herbivores has been a major force in the diversification of both lineages. In particular, host-plant specialization has profound ecological and evolutionary consequences for both the insects and the plants. While the ecological drivers and macroevolutionary effects of specialization have been the subject of extensive research [1, 2] , relatively little is known about the molecular mechanisms that lead to host plant specificity. Obligate specialization involves the evolution of new adaptations as well as the loss of some ancestral capabilities. Are these gains and losses different sides of the same coin, a consequence of the same genetic changes? A recent paper by Virginie Orgogozo and colleagues [3] sheds new light on this question by examining the molecular basis of host plant specialization in Drosophila pachea.
Their common name notwithstanding, the Drosophila 'fruit flies' are often anything but fruit-flies -different species use food sources as diverse as flowers, mushrooms, and tree sap [4] . However, the larvae of all species require moist, nutritious environments for their development. In the parched deserts of western Mexico and the American Southwest, only the succulent cacti provide a suitable substrate -but this food comes with its own challenges [5] . Two distinct groups of cacti grow in this region, the paddle-like opuntias (prickly pears) and columnar cacti (Pachycereeae). Opuntias are relatively benign -in fact, the young stems of some species are delicious to humans as well as flies (try some huevos con nopales!). Columnar cacti, on the other hand, are chemically uninviting. Most of them contain high concentrations of defensive compounds, such as terpenes and alkaloids [6] . But any defensive adaptation inspires an offensive counter-adaptation -ironically, the cactus-feeding Drosophila inhabiting the arid regions of Central and North America represent one of the largest adaptive radiations in the family Drosophilidae [7] . Opuntias serve as a stepping stone in the evolution of the cactus-feeding lifestyle. Columnar cactus specialists have evolved independently several times from Opuntia-feeding ancestors, while other species are able to feed on both types of cacti [7] . No group has switched back from columnar cacti to Opuntia, suggesting that this specialization is a one-way street.
The harsh Sonoran desert is home to only four Drosophila species, the hardiest of the hardy. Two of them (D. pachea and D. nigrospiracula) are columnar cactus specialists, while the other two (D. mettleri and D. mojavensis) are generalists that can switch between columnar cacti and opuntias [5, 6] . These species are only distantly related. Their closest relatives inhabit more mesic, geographically distant habitats and feed on different plants, suggesting that all four species infiltrated the Sonoran desert and became adapted to its resident cacti independently [5, 7] . D. pachea has the most specialized ecology of all, feeding exclusively on the senita cactus (Lophocereus schottii; Figure 1 ); at the same time, it is the only Drosophila species feeding on this cactus [5, 6] . Senita is about as indigestible as a cactus can get -15-25% of its dry weight is composed of alkaloids. This compares to 1-3% in the saguaro and cardon cacti that serve as the sole food source for D. nigrospiracula [6] . Senita is, therefore, toxic even to most cactus-feeders, including D. nigrospiracula and D. mojavensis; only D. pachea and D. mettleri (which feeds on cactus-soaked soil rather than actual cactus tissues) can tolerate alkaloid concentrations this high [8, 9] .
However, what made D. pachea an obligate senita specialist is not a unique ability but a unique vulnerability. Drosophila cannot synthesize sterols, the essential precursors of the hormone ecdysone that regulates insect development, and must obtain sterols from their food [10] . In almost all insects, this dietary requirement is satisfied by cholesterol. Senita, however, does not produce cholesterol [11] . The late Bill Heed, who first developed the desert Drosophila as an ecological model system [12] , showed that the reason why D. pachea is restricted to senita as its sole host plant is that it cannot utilize dietary cholesterol and requires different phytosterols that are only present in senita [13] . Without these precursors, D. pachea cannot complete development and dies at the larval stage.
The genetic basis of this unusual requirement remained elusive for over four decades. Now, Lang et al. [3] have traced it to evolutionary changes in the neverland (nvd) gene. nvd encodes the enzyme that catalyzes the first step in the metabolic pathway that converts dietary sterols into ecdysone [14] . In the model species D. melanogaster, mutations in this gene lead to a developmental arrest. The mutant larvae cease to grow, fail to go through metamorphosis, and never reach adulthood -hence the name of this gene, which refers to the fictional island in J.M. Barrie's Peter Pan where children cease to age [14] . Lang et al. [3] show that the ancestral Nvd enzyme can use either cholesterol or lathosterol, one of the unusual phytosterols present in senita, as precursors for ecdysone biosynthesis. However, in D. pachea, unlike its closest 'normal' relatives, Nvd metabolizes lathosterol but not cholesterol [3] . This evolutionary change accounts for the inability of D. pachea to live without senita. Expressing the D. pachea nvd gene in D. melanogaster that lack endogenous Nvd activity converts it into a pachea-like specialist: the transgenic flies can develop on lathosterol, but not on cholesterol [3] .
In considering the evolutionary trajectory taken by D. pachea in its adaptation to senita, it appears that the genetic changes that opened a new ecological niche were not the same as those that closed the old one. Feeding on senita required two distinct adaptations: alkaloid tolerance, and the ability to use lathosterol as ecdysone precursor. These were the traits that secured a private food source for D. pachea and freed it from competition with other Drosophila species. In the resource-poor Sonoran desert, these traits are advantageous -but how difficult were they to acquire?
Perhaps not very. Alkaloid tolerance was probably the greater barrier, but evolution of toxin resistance is not uncommon in Drosophila -several species have evolved to tolerate plant or fungal compounds that are lethal to other insects [15, 16] . The genetic basis of alkaloid tolerance in D. pachea is unknown, but work in other cactus-feeding Drosophila suggests that it may involve evolutionary changes in the cytochrome P450 gene family [6] . The ability to use lathosterol is largely ancestral -although most Drosophila species never encounter this sterol in nature, their Nvd enzymes can metabolize it with considerable efficiency [3] . In fact, the Sonoran D. mettleri can develop normally in senita-soaked soil even though senita is not the normal substrate of this species [5, 8] . Enzymes often have promiscuous secondary activities, which can be exploited by selection to produce new enzymes that metabolize previously inaccessible food sources [17, 18] . Witness, for example, the ability of many microbes to degrade anthropogenic compounds such as pesticides or explosives that did not even exist until a few decades ago [19] . In this respect, neither the ancestral capacity of Nvd to utilize either cholesterol or lathosterol, nor the ability of D. pachea to survive on lathosterol alone, are surprising.
Ultimately, it was the loss of ability to use cholesterol, rather than the use of lathosterol or alkaloid tolerance, that turned D. pachea into an obligate specialist. Lang et al. [3] have traced this change to at least four amino acid substitutions in the nvd gene. Reintroducing the ancestral amino acids into the D. pachea Nvd enzyme restores its ability to metabolize both precursors [3] . If the ancestral species could use both substrates, why did D. pachea give up cholesterol, cutting it off from every available host plant other than senita? Was this sacrifice driven by positive selection, or does it simply reflect a mutational decay of an unused function?
Transgenic experiments suggest that the same mutations that made Nvd unable to metabolize cholesterol may increase D. melanogaster fitness on lathosterol [3] . DNA sequence variation around the nvd locus in D. pachea shows a signature consistent with past episodes of positive selection, although it is not clear whether the target of selection was nvd itself or a nearby gene [3] . It is possible that changes in Nvd occurred after D. pachea was already restricted to senita by other, perhaps behavioral, mechanisms. A more intriguing possibility is that these mutations were fixed as a result of a fitness trade-off. Similar to other cactus-feeding species [7] , D. pachea must have gone through a phase in its evolutionary history where it fed on multiple cactus species. Phylogeographic evidence suggests that this phase may have occurred in Southeastern Mexico, where the range of available host plants was far wider than in the present-day Sonoran Desert [5, 7] . Theoretical models indicate that ecological specialization can evolve as long as fitness on different hosts has less than perfect correlation. In other words, selection will favor specialization if alleles that are positively selected on one host are less strongly positively selected, or neutral, on other hosts [20] . Even though ancestral Nvd could metabolize either cholesterol or lathosterol, mutations that conferred fitness benefits on lathosterol-producing cacti could be fixed during a multi-host evolutionary transition even if they were neutral or weakly deleterious on other plants. This change would pre-adapt D. pachea to the depauperate ecosystem of the Sonoran desert.
The work of Lang et al. [3] provides an excellent example of how molecular insights derived from research in genetic model systems can be brought to bear on long-standing ecological and evolutionary questions. As technological developments increase our ability to interrogate the genomes of non-model taxa, the integration of comparative and functional approaches will help elucidate the deepest mechanisms of evolution. Nuclear Transport: Beginning to Gel?
The massive nuclear pore complex mediates nucleocytoplasmic traffic ranging from a single histone to a viral genome. To date, dissecting mechanism has been more an exercise in prediction than biochemical certainty. A recent study combines recombinant proteins with nuclei reconstituted in vitro to test predictions in a startlingly productive manner. 
